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T T T T

The High Altitude Effects Simulation (HAES) Program sponsored by the
Defense Nuclear Agency since the early 1970 time period, comprises several
groupings of separate, but interrelated technical activities, e.g., ICECAP
(Infrared Chemistry Experiments - Coordinated Auroral Program). Each of the
latter have the common objective of providing information ascertained as
essential for the development and validation of predictive computer codes
designed for use with high priority DoD radar, communications, and optical

defensive systems.

Since the inception of the HAES Program, significant achievements and
results have been described in reports published by DNA, participating service
laboratories, and supportive organizations. In order to provide greater visi-
bility for such information and enhance its timely applications, significant
reports published since early calendar 1974 shall be identified with an
assigned HAES serial number and the appropriate activity acronym (e.g., ICECAP)
as part of the report title. A complete and current bibliography of all HAES
reports issued prior to and subsequent to HAES Report No. 1, dated 5 February
1974 entitled, "Rocket Launch of an SWIR Spectrometer into an Aurora (ICECAP
72)," AFCRL Environmental Research Paper No. 466, is maintained and available
on request from DASIAC, DoD Nuclear Information and Analysis Center, 816 State

Street, Santa Barbara, California 93102, Telephone (805) 965-0551.

This report, which is the final report under DNA Contract DNAOOL-76-C-0017
is the 60th report in the HAES series, and covers the technical activities
performed during the period 1 Aug. 1976 through 51 December 197¢. The purpose
of the work described herein was to investigate the fluorescence of CO; at 4.3
microns when irradiated with radiation near 2.7 microns, and to determine the
intensity and composition of the resulting fluorescent radiation and the

mechanisms responsible for producing the observed spectral characteristics of

this radiation.
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I. INTRODUCTION

This report describes experimental measurements of fluorescence of CO_

(s

at 4.3 um when irradiated with radiation at 2.7 um. The discussion of this
section can be more clearly followed by reference to the partial energy level

diagram in figure 1.

CO? has two combination bands of moderate intensity which occur near
2.7 um. These are the O?Ol - 000 band which is centered at 2.77 um and the
101-000 band centered at 2.69 um. Excitation of molecules in these bands
produces excited molecules which are able to radiatively decay via several

routes.

For the isolated molecules, that is completely in the absence of colli-
sions, the predominant radiative decay mechanism in the emission of radiation
centered near 4.3 um which corresponds to transitions in which vj is decreased
by unity. A simple calculation (see James and Kumer (1) ) indicates that the
transition O?Ol -+ OZOO and 101 -+ 100 which result in fluorescence at 4.% um
should occur with a 95% probability. The re-emission of 2.77 and £.69 um

bands occurs with approximately a 5% probability.

Additional possibilities for radiative decay include the bands O “1401 1
and 101-01 1 at 16.4 um and 14.1 um respectively, the bands 02°1 + 20°0 and
101 + 200 at 12.25 um and 10.9 um respectively, and the bands ijl—L'OO and
101 » 12°0 at 10.6: um and 9.58 um respectively. All of these bands together
account for less than one percent of the total radiative decay and may be dis-
regarded in calculating the efficiency of 2.7 um radiation in producing L.3 um

radiation.

In order to observe this fluorescence in the laboratory it is necessary
to conduct measurements at sufficiently low pressures that quenching and
energy transfer procesces do not reduce the population of the levels 101 and

o
02 1 at a rate which is so rapid as to completely quencn the k.3 um.

In a laboratory measurement of fluorescence at 4.3 um produced by 2.7um

3
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excitation, there are several possible transitions which can contribute to

fluorescence at 4.3 um. These possibilities are summarized here.

At low pressures where radiation is rapid compared with energy transfer and

quenching collisions, the main component of 4.3 um radiation will be due to
the bands

101 100 o

r )___.v, + hv(b.5 um) (1)

o?“LS 02-0

At moderate pressures of pure CO, one expects that the main mechanism for

production of radiation would be due to the following sequence of events:

[

€0,(021) co,,(020)
+ €0,,(000) k, +C0,. (001) 2(a)
co.(101) = 5{co.(100)
Followed by
c0,(001) =+ €0,(000) + hv(k.3) (ob)

Whether or not emissions (1) or 2(b) is predominant depends on the

pressures used and on the rate constant k_ for the energy transfer 2(a).

When this work was originally proposed we were not sure how large k. might
be, but recognized that it might be as rapid or possibly even more rapid

than the transfer reaction

COL(QOL) 1L N_(v=o) + C0_(000) + N_(v=1) (3)

.15

The rate constant for this reaction is 5.2 x 10 . A transfer rate this rapid
for the corresponding reactions 2(a) would indicate that pressures in the
range of 125 microns Hg would produce molecules in the 001 level at a rat
more than five times as fast as the radiative decay in Egqn. (1). The
possibility was therefore raised that most of any 4.5 um radiation produced

would be from resonance radiation 001l - 000 rather than the fluorescence due




to 101 -+ 100 and 021 «» 020.

These considerations suggested that reactions 2(a) would require
working at low pressures with a corresponding decrease in overall signal at
4.3 which is limited by the amount of 2.7 um radiation absorbed.

In a summary by Nickcrsdn(;) of rate constants for COk, the rate constant
quoted for reactions 2(a) was nearly an order of magnitude larger than the
corresponding reaction 3 for N,. The quoted rate constant was approximately
€ x lO-LL. This would suggest that process would not greatly interfere

with our measurements.

Originally we expected that we could distinguish between fluorescence
bands 101 + 100 and 021 - 020 and the resonance band 00l -+ 000 by inserting
a CO. cell between the fluorescence cell and the detector. This should absorb
any ;esgnance radiation and transmit the fluorescence bands: as will be

discussed further in this report, this may not be as simple as we had thought.

Our initial attempts at obzserving the flucrescence were unsuccessful.

We now attribute this failure mainly to the use of an inadequate light source,

although results which we have obtained using a RBlac y Source of much
greater area suggests that our earlier measurements should have produced some

measurable signal.

During the period in which we were having difficulty obtaining results,
we became aware of studies by Finzi and M rf(;) in which a laser at 2.7 um
was used to excite specific rotational lines in the bands 021-000 and 101-000.
Pollowing a pulsed excitation at 2.7 um, they observed emission of 4.5 um
radiation. From measurements of the rate of decay of this signul they obtained

" ; =10 2
a rate constant for reactions 2(a) of 1.3 x 10 . Such a large value for

|
this rate constant suggests that very little fluroescence should be observed
j¢
: ‘ ; v ~1D 2
in our experiments since at a pressure of 100 um Hg = 3.26 x 10 [ce at 29€ K,

" . ) g 5 -1
the deactivation of 101 and 021 levels would occur at a rate of ~ L.2 x 107sec

. e - bt
compared with a radiative rate of 420 sec . Thus most of the 4.3 um radiation
bserved would have to come from the 001-000 resonance band.

8
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This rate is in fact so rapid that at pressures of the order of 1 Torr
we might expect a large number of Av5 = 1 bands due to rapid equilibration
of v, between various v.v, levels and isotopic CO, molecules which are

5 1.
significantly populated.

In this report we describe attempts which have been made to date to
characterize emission at &.% um by means of a CO. filter and by varying the
<
linewidth in emitting and absorbing gases. Our results are not considered

to be definitive at the present time. ]

The bands behave with respect to self-absorption as though they arise
from the 101-000 and 021-020 transitions. This is in direct contradiection tc
what we expect from the laser studies which yield k. ~ 1.5 x LU-LQ. If our
results are not due to these fluorescent bands then“tney must contain a large

contribution of the 001-000 resonance band. The indications from our

D

experiments are that this is not the case either.

Our report also summarizes some measurements of the absolute intensity of
the 4.3 um emission. These results indicate that the total rate of gquenching

f levels emitting at 4.3 um is much smaller than we would expect for the

fluorescence bands if the results of Finzi and Moore are correct in that
b

is of the order of 1.5 x 107 . If it is assumed that we are ac

tually
bserving the resonance band 001-000 and some other hot bands and isctopic
bands, then our absolute intensity measurements yield a quenching rate constant
which is qualitatively in agreement with existing rate constants for CO.. In
this case, however, we fail to see why there is no appreciable self zbsorpticn

in our observed 4.2 um emission.

We will return to a brief discussion of this point after presenting a summary

f our results.




II. CALCULATION OF LINEWIDTHS, CROSS SECTIONS, AND THE BAND TRANSPORT
FUNCTIONS W AND T

II-1 Definitions and Formulas

In this section we summarize calculations vhich are used in the dis-
cussion throughout this report. For additional details and examples, the

(4)

reader is referred to Kumer and James
The integrated absorption fir a single line of intensity S in cm is

siven by

w=(1- e_k(v)z)dv

W is the equivalent width. The quantity k(v) is the absorption coefficient

and § the path length.

The total line strength S is related to k(v)g by S = f x(v)g dv where the

J

integration is carried out over the entire line profile.

For some purposes it is convenient to introduce a width function which
instead of integrating over frequency, integrates over a dimensionless

variable x which is defined as

where Av represents the width of a Doppler Shaped line at a p int where the
intensity is down by a factor of 1 /e from the intensity at line center. In
this case the width function is dependent on the value of the ecross section

at line center and the number density of absorbing molecules and is given by

ax

PR . A

W(I\b') =375 | 1 -e N )
R !

Vv

and Q(x) reprecents the shape of the line. The usual half-

where

n

AV
width of a Digplvr shaped line YD is related to LVD by,

10




Av_ = 'vD/'\'ILn

i 2kT fn 2

where yD =
m c

For the Doppler Shaped lines, the half-width can be shown to be

T AL
V. .M

= %.58 x 10 v(cm-l)

D

The Cross section at line center is given by:

Q =15
_ 4.150 x 10 7 £

yplen™)

The transmission function for a single line determines the amount of
radiation in a single line that can be transmitted through a sample for which
the optical thickness at line center is l\bo' This is given by

_No_Q(x)

(o) = —= [ Qx)e ax
V T

In the case of a rotation-vibration band characterized by an f-number
for the entire band, the corresponding cross section for a single rotaticnal

line is

J‘l
O'J" J' = OO SJI where
)
s ! l~ -
ij is the rotational line strength and is given for 2, - 2, Transitions

J
J e 1
—~—————— for P Branch lines

\ T

JN
—_— for R Branch lines
+ 1
J”
S., =
J |
! B




The value of Ngo for a single rotational line is related to the value for an

entire rotation-vibration band by

NJ”GJ”J’: (Ibo)band‘ XJ" SJ”" Ja

where x represents the fraction of molecules in the level JC The width

Jﬂ
function for an entire rotation vibration band is given as

)

W Jre= 2 57 .
(NJO J" ’JI w(NJ OIJ” ,J

Similarly, the transmission functions for an entire rotation-vibration band

is given by

T (W)= > X
JI'J&

The calculations which we have summarized here are carried out for Doppler

Shaped lines and also for lines having a Voigt profile. In the case of a

Voigt profile the function Q(x) appropriate to a Voigt profile must be used.
These calculati-ns will differ depending on the value of a parameter a which

gives the ratio of the pressure broadened width Yr to the e-fold Doppler

width AVD. The pressure broadened half width is simply given by
o)

y, =y P

where vy  is the width at atmospheric pressure and P 1s the pressure.

As a final point we note that the equivalent width and line strength have the

same relative magnitudes as the width function W(No) and No. That is

wW(s)_ wW(o)
R ’

These results are used in calculating No values required for various pressures

12




and path lengths described in this report.

Doppler Line width

e o sl

For 4.5 um Bands ¥Yp = 2.18 x 10 “em
i W |

021-000 Band yp = 3.35 x 10 “em
N

101-000 Band 'yD = j.45 % 10 “em

T the case of pure CO. the pressure broadened width is ~ .05 cm /ATm .
Therefore at 1 Torr

1 -4 -
7]’_, = (.:35) 756- = 1.) x 10 cm -

In the case of pressure broadening by Ne with an assumed average half-width
1

af 05 cm-L/ATm, the linewidth due to pressure broadening is

1 =D 4
v = (.05) 5 = 6.5 x 10" 7(em” ~/Torr Ne)

In the case of pure CO, at a pressure of a few Torr, the Doppler linewidth is

an order of magnitude greater than the Lorentz pressure broadened halfwidth

so that the lines are nearly Doppler in shape.

At approximately 60 Torr of Ne, the lines in bands near 4.3 um have
Voigt profile with a value of a = yL/Aszz 1.5. The bands near 2.7 um will
have a value of yL/AVD Ao L.

In cases where we have calculated band function W and T , the calculations

have been carried out to J = 100.

In addition to the Bands for which we list Ng values, we have also carried
out calculations for a number of isotopic bands. The corresponding No values

are obtained by multiplying the above No value:s by the isotopic abundance

ratios. For the isotopic 636, 628, and 627 the abundances are: 1.1 x 10 °,
2 ) 1 ;
, \ D e { et ; A " 1G-S Lo, etC.
L,06 x 10 7, and 7.3 x 10 . The notation 636 means ( “C 0

13




II-2 DNumerical Magnitudes

At a temperature of 29CJC the number density at a pressure of 1 Torr is

given by

"

WA IR YR
o =0 | Bl

5.26 x lOlé/cm5

f-numbers for bands of interest are

-6
1.9 % 16

101-000 £ = €
021-000  f = 1.57 x 10_;
001-000 £ = 1.1k x 10

For other bands involving Avj = 1, the f number is taken to be l.l4 x 10 %

The population of the levels 020 and 100 which are the ground state of the

021-020 and 1014100 fluorescent bands are

N(020) = N(00Q) x 1.9 x 10-5
N(100) = N(00C) x 1.5 x 107
N(010) = N(000) x 7.7 x 10°°

This results in the following values of No_ for Doppler Shaped lines at a

pressure of 1 Torr and a pathlength of 1 cm.

Band No_ (1 cm path, 1 Torr pressure)
021-000 (=
101-000 T,
001-000 707 .4
021-020 1.354Y4
101-100 .813
011-010 SL.74




IIT. Calibration of Detector

The InSb detector used in the measurements is calibrated using a blackbody
source displaced at a distance of 25 em from the detector. The same 4.3 um

filter as used in measurements of the radiation from the CO, fluorescence

signal is used in making this calibration. This filter is shown in fig. (o)

W
Given a blckbody source with aperature A, and a blackbody radiance of —% 9
the total amount of radiation striking a detector of area AD at a distance d
away 1s given by
W\ AL A
5 o A 5 D :
gl =t li==—ill = i ety
Signa v( = ) Z Rk 5

In this expression RX is the responsivity of the detector in units of mv/watt
and fX is a function describing the transmission cr the detector window ﬁnd/ r
any filters which are placed in front of the detector.

In our experiments we use the filter at 4.3 um shown in figure (2) which
has a2 bandwidth of 0.271 um and a peak transmission of approximately 70%. The
response of the detector is essentially constant over such a small spectral
range. Therefore we take fX as

fX = (0.271 um) x (0.7)

and W) and R) are given the value they have at 4.3 um.
The source temperature used in these measurements was 1148.4°K. The source
was an Infrared Industries calibrated Blackbody. Thus (w/g) = 0.435 watts/cm -

Sr-um.

The Blackbody Aperature was selected to be 0.025 inches in diameter which
- :

; - = =
gives A, = 5.17 10

)

em . The detector has an area of 3.1k x 10 ecm . Putting

these numerical quantities into the above expression yields

15




"

.465)(5‘17 X 10'5)(5.1h X 10'%) (.271)(.7)

R(mv/watt) x ( =
(25)°

Signal (mv)

3 mv |

=% X (135 x 10-8 watts)

It is necessary to make a correction to this figure due to the fact that in

a 25 cm path through the laboratory, the 4.3 um band of CO. will absorb some
(=

of the radiation from the blackbody.

The Band strength of CO, is 2706 cm_l/Atm-STP. The mixing ratio of CO, is
taken as 3.2 x 10‘“ and the path length is 25 cm. Thus the total band strength

due to CO2 between the detector and the source is

s ~ 4 -)4 "' /’\75 “ ~ -l
Band Intensity = (2706(3.2 x 107 ) i%§g 5(55) = 19.9 cm

For this value of the Band intensity some of the stronger lines are nearly
optically thick at line center, having transmission of the order of e-g'8 ~ U%.
Therefore a more accurate estimate of the amount of sbsorption 1s given by the
band equivalent width, which will be less than the value of 19.9 cm"l given

above.

The Band equivalent width has been calculated from the sum of equivalent
widths of individual lines in the band. For a single line the width W 1is

related to the strength S{ by

b O : S
W = oy f(x) where x = oy
The function f(x) has been tabulated by Kaplan and Eggers(j). Using their

table and carrying out the calculation of W for all lines contributing signifi-
cantly to the band strength we obtain

= -1
kband a 15 em

Now since &\ (um) = 107 \° Av(cm-%L the band equivalent width in um is:

\hband ~ O.‘DLY WM.

16




This result indicates that in the calibration, it is necessary to reduce the
value of the filter bandwidth of 0.271 by 0.027 um which changes the value of
135 = 10-8 watts reaching the detector to a value which is smaller by a
factor of (.271 - .027)/(.271). Therefore we finally obtain

S(mv) = R)\(l.Zl % lo'8watts)
The average of several measurements of the signal was
Signal ~ 2.6 millivolts

From these results we obtain the Responsivity of the detector as

R = (2.6 mv)/(1.21 x 10-8 watts) =

* 8
R(y.3)= 2.14 x 10 mv/watt

L7
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IV. Calculation of the Expected Signals

The absorption from a given beam of light can be calculated from the
known intensity of the beam and the width function describing the absorption

for an entire rotation vibration band.

The width function for a band is the sum of the equivalent widths 5

individual absorption lines and is given by

-NJ”GJ'-J” \

W = 7 i1 =e dv
band j?&” |
)

In the case where a2ll lines are optically thin,then the bandwidth 1is equal to
the total band strength. In the case where many of the lines are saturated,
then it is necessary to carry out a detailed calculaticn. We begin by con-
sidering the optically thin case, and later will extend our results to

account for cases in which more detailed calculations are required.

consider the following Geometrical Arrangement.

dV=A1dx
,,_x _7;____,l
2
I\ v] ?
1
- ;f—dx
c X = °
: .l N\ Detector
Source Len¥ -

Fluorescence Cell

5
|‘ [ *|

W

Given a Blackbody Radiance of = watts/em ~Sr-um, it is convenient to express

thisz in atts/am” -Sr-cm .

18




For a given solid angle ) extended by the lens L. as measured from the source,

s s

a given area Al of the lens Ll and a given area of the source A , the flux in
=

2 =0
watts/em” cm in the sample cell of cross sectional area A, is given by
i L

Flux of Incident Radiation

I Sb is the band strength (per em of path) of absorber in the cell,

then the amount of radiation absorbed per unit volume is F[deﬂ:
this volume element, an amount of radiation [F Sb dx]*R will be emitted int

b sterradians. R 1is the fraction of excited molecules which emit. For

detector of size AD this subtends a solid angle LV with points in dv.

Therefore the fraction of this radiation striking the detector is given by
Q AD
~— . For 4 and x as shown in the figure (O is just —— .
Jun- X (L__,\'
)

Combining these factors results in the following value of radiation

striking the detector from a volume element A'dx
4

dsS =

H

which yields a total signa

als”
>
Q

S={-'0A S R

i R ‘o (4-x)

3 Ay : 3
) o

2|
o

In our experiments we have a filter at the exit aperature of the blackb
which only transmits 2.7 um radiation. There is als

the detector which only transmits 4.% um radiation. Therefore this expressi

19




for the signal would also have to be multiplied by the transmission of these
Filters TP.? and Th.j' In the event that the emitting bands are optically
thick these will be a further reduction in the signal by an amount W(NJ)/NJ
due to self absorption. Finally an additional factor of (2.7)/(%.3) is
required since photons at 4.3 um which are emitted are less energetic than

2.7 um photons by the ratio P.?/b.i. Since our signal is expressed in wattis

Some additional refinements to this calculation are discussed in section

VI when we describe some absolute intensity measurements.




V. Attenuaticn of the 4.3 um Signal by Various CO_ Filter Cells
&

We have carried out a number of experiments aimed at characterizing the
k.3 radiation which we have observed following irradiation of CO, by 2.7 um
radiation. Various experimental arrangements have been used and are illus~

trated in figure (3) arrangements 1-B, 2-B, and 3-B.

Initially we used the arrangement shown in 1-B in which a 10.0 um fluorescence
cell was followed by a cell of 1.8 cm length which was to act as a filter for
CO. bands which terminate on the ground state (000) of CO.. A L.3 um filter

shown in figure (2) was placed in front of the detector.

With this arrangement we observed a signal of 97 2 10 watts when
the 16.6 cm fluorescence cell had 1 Torr of CO. plus 70 Torr of Ne with the
1.8 em filter cell removed. Evacuation of LhubfLu rescence cell resulted in
loss of this signal. Inserting the filter cell which was filled with & Torr
CO, and 60 Torr Ne did not reduce the observed signal, in fact it appeared
thét there may have been a slight increase in signal, of the order of 2%,
which may be due to some fluorescence occurring in the filter cell since there
was no filter between the fluorescence cell and the filter cell to block out

2.7 um radiation.

Although several different choices of pressures were utilized with this
arrangement, we consider this data to be unsatisfactory because of the possible
complication of both fluorescence and absorption occurring in the CO, filter
cell. To eliminate this complication we placed the 4.5 um filter 1Qtw«vn
the fluorescence cell and the filter cell as shown in arrangement 2-B of

figure 5.

Using arrangement 2-B and the filter cell the same as before (& Torr CO
+ 60 Torr Ne) and the fluorescence cell filled with | Torr of €O  + €0 Torr Ne
a signal 1.2 x 10-1'l watts was observed. (The smaller signazl in this arrange-
ment is due to the smaller aperature of the filter cell when the 4.3 um filter
is placed at the window of the filter cell.) Again, the signal was unchanged

by inserting or removing the filter cell.
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Addition of €0 Torr of Ne to the fluorescence cell containing 7.5 Torr of

: -12
CO, resulted in an increase of signal to 9.8 x 10 watts.
Additional measurements utilizing arrangement 2-B were made. The
resulting change inserting or removing the filter cell were the same,

namely essentially no effect on signal.

For convenience we summarize a number of these results, plus the ones
already mentioned, in table (1). We also show the calculated transmission
through the filter cell which is expected for the 021-020 band and the 001-000
band. The band transmission functions were calculated as discussed in,
section (II). We show the results for values of the parameter a describing
a voigt profile of a =0, a =1 and a = 1.5, " (Recall that a = O corresponds
to a Doppler lineshape.) We have only inciuded measurements where the
pressures in the fluorescence cell and filter cell are smilar or the band
transmission functions are calculated assuming identical line shapes for the

absorting and emitting lines.

Inspection of this table shows that essentially none of the signal is
absorbed by the CO, filter cell. The calculated transmission of the fluores-
cent bands is of tge order of 90% since the pressures used correspond to an
a value of 1.5. The fact that the transmission for the resonance 001-000
band is less than 5% suggests that the observed signal cannot be due to the
resonance band. The results are more nearly what one would expect for the
fluorescent band 021-020. Even here the transmission is greater than the
calculated value. This could be due to the fact that the lines may be more
broadened by Ne than suggested by our choice of 0.05 cm_L ATm for the Ne

ressure broadening coefficient.
:

In view of the results using arrangement 2-B we decided to interchange
the filter cell and the fluorescence cell so as to increase the amount of
absorption obtainable with the filter .cell. This resulted in arrangement 3-B

of figure (l) .
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of measurements which were made with

In Teble 2 we summarize two sets

configuration.

The results of Table 2 are similar to those in Table 1 in that they also

rest that the radiation observed is due to the fluorescent bands rather

The quantitative agreement between observed and calculated transmissions
is not completely satisfactory. In the case of pure CO, in both cells at

2 mm pressure, the pressure broadened linewidth should be only about Lg of

the Doppler width based on our discussion of Section (II). Therefore, we

expect that the transmission would be less than .76 calculated for a = 1, and

only slightly greater than the value .48 calculated for pure Doppler line

shape. The transmission appears to be greater than we expect.

Additional experiments will be required before a detailed evaluation of

this data is possible. Also, it seems likely that it may be necessary to

allow for the variation of linewidths with rotational state in accurate

calculaticns of the transmission functions.

Certainly the qualitative conclusion to be inferred from the comparisons

given above strongly suggest that the observed 4.3 um signal is due to

fluorescence rather than resonance radiation. This conclusion is in distinct

y 10 :
contradiction to the value of 1.3 x 10 for the rate constant of reactions

which would indicate that at 2 mm pressure the rate of loss of (021) CO.

molecules would be

k= (1.3 x 107! = LOlU/cc

5 (6}
Rate = 0.5 x 10 sec

which is greater than the radiative rate of 420 sec i by a factor of

. Calculations described in the following section treating the magnitude of

the observed signals suggest that the quenching of the observed signal is

~10
much slower than expected for k = 1.5 x 10 g
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Our results at the present time seem to indicate that the observed
signal is due to fluorescence and that the rate constant for reaction 2 must

-10 .
be much greater than 1.3 x 10 by several orders of magnitude.

Another possibility which we should consider is that the rate constant
for reactions 2(a) is actually 1.3 x lO-lo. With such a rapid rate, we
might expect rapid equilibration of the v5 vibration between all levels of
CO, which are thermally populated and between all isotopic molecules. Due
t)kthe fact that many lines of the 001-000 band are optically thick under
the conditions of this experiment, it 1s possible that the observed signal
has a large contribution from weak bands which are either hot bands or isotope
bands. In order to explore this possibility we present in table 3, the
results of a calculation which includes the more important isotope bands and

hot bands.

In making the calculation shown in table (3), we have assumed that the
excitation in the 021-000 and 101-000 bands at 2.77 and 2.69 um is essentially
constant throughout the 1.8 cm fluorescence cell. In this case a reasonable
approximation to the emission from this cell will be given by the width

\

functions for the bands at 4.3 um.

The No values for the bands listed in table 3 are calculated assuming a
Boltzman distribution of all of the levels involved and using normal isotopic
abundances. The signal observed will be proportional to the product of

'w'b(I\U) in the fluorescence cell and the transmission of that band through the

Skt TR T} (Nc)Filv:I- The transmission calculated for all bands t thez
D e
is just the ratio of the signal with the filter in place to the value with
the filter removed and is given by
> W. (No) . T (r‘vs\
- ¥ "k T ‘Fluorescent o ‘Filter
PR No)
% "k ( /Fluorescen
ere the sum k is over all the lines in the band. In this case the cal-

rulated transmission of .05 is still well below the observed wvalu f
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These calculations are not gquantitatively exact. The width function for
the 021-000 band in the fluorescence cell is wb(Nc) = 18.5 whereas the value
of No 1is 22.75 which indicates that the excitation is not striectly uniform
along the length of the 1.8 cm cell. The variation is not drastic, however
and the results presented in table 3 should remain gqualitatively unchanged.
That is, even considering many weak bands does not explain the high observed
transmission. It seems as though the only reasonable explanation for this
high transmission is that the observed signal is predominately due to the
fluorescent bands 021-020 and 101-100.
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Determination of Approximate Quenching Rates From Absolute Intensity

Measurements

Measurements of the absolute radiance at 4.3 um produced by irradiating

CO, at 2.7 pm were nade using the arrangement shown in figure (3) arrangement

1-A. With this arrangement the signals are larger than with the other

arrangements and the geometry lends itself to simpler calculations. We use

the following expression for the observed signal

A X
; W D 2 2.7 W(No
Signal (watts) = = msAs = m Sb k. o Th.iR

Ll 4.3

The blackbody temperature was 1148.4 oK. The resulting blackbody radiances

are:

(E) = 0.797 w/em” - um-Sr

T Jo. 76um

{

(E) = 0.809 w/cmg-um-Sr.
m 2.09 um

The transmission of the filter at 2.76 um is 73% and at 2.68 um is 18%.
This filter is shown in fig. 2. If Sb(x) represents the band strength per

cm of path under the conditions of the experiment, then total rate of

excitation per em of path in the fluorescence cell is

Total watts absorbed = [(-797)(.75)Sb(3.70) + (.809)(.18)Sb(2-09)] QSAS

Where Qg is the solid angle which the front face of the fluorescence cell

S

makes with a point at the source and As is the area of the source.

Figure L4 shows the geometry used in this calculation; L is taken as
the area of the blackbody cavity opening which is 3.24 em . Qg is taken as
the area of the 2.7 um filter divided by the square of the distance to the
blackbody opening which is 3.8 em, This gives an effective solid angle of
.22 Sr. For points near the edge of the blackbody, the 2.7 um filter subtends

a smaller solid angle, therefore, we choose 0.2 Sr as an approximate value
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since for a given number of

4

)
photons, the number of watts is smaller at 4.3 than at 2.7 by this ratio.

for QS. The signal in watts has a factor -

is seen from figure 4 to be 1.9 cm and g is 3.7 cm. The detector has an

area of 0.0314 em~. T is the transmission of the 4.3 um filter placed in

k.3

4.3
front of the detector. This has a transmission of 70% and is shown in fig (2).

If the band strengths are expressed in wave nunbers, then it is convenient
Sty .
to multiply the blackbody radiances by 7.3 x 10 to convert from watts/um~Sr-cm’

to uatta/cm -Sr-cm .

The total signal expected is:

Q \ o 5 8 (3“-69
| e .09 _}E ‘ b
(-797)(-7.,>)Sb(~-70) ko A5 5 | m

X 7.3 x 1071(.2)(5.24)(.051L) k 7) T;Zg

5 W(No) : z . R
(o) B £4-x, ) (L

G X,
[1.34](3.02 x lO_Y)Sb(§_7b) . E%El% b 2 . R
%) )5 -T2

This result is expressed in terms of the absorption occurring for the 2.76 um

band times a factor 1.34 to account for the fact that under the conditions of

our experiment the 101-000 band is contributing about .34 times the contribution
of the 021-000 band to the total excitation rate. We consider a measurement

where the total pressure of CO, 7 mm Hg with no added gas.

The band strength under these conditions is

_ 5?.h(cm-L/ATm-om) . (273§
Ry * 760 Torr/ATm \




The factor x_./(4-x,)4 = 0.28. Combining these factors gives:

Signal = 3.59 x Lo'8 H%%%% b
In this expression R 1is the ratio of 4.3 um photons emitted to the gquenching
of levels emitting at 4.3 um. The ratio (W/NJ) is included to account for

the fact if the 4.3 um emission is occurring in optically thick bands, then

the radiation escaping will be reduced by this factor due to self absorption.

If we assume that the emitted radiation occurs in the bands 021-020 and

101-100, the Ng values for these bands are 16.94 and 10.24 with corresponding
values of W(lg)/No of .86 and .91 respectively for Doppler line shape and

.94 and .96 for Voigt profiles with a = 1. Since the Lorentz Pressure broadened
width is almost as large as the Doppler width, the a = 1 value is a better
choice. We therefore, take W(No)/No to be ~ .94. This gives a calculated

signal of:
. 45 -8
Signal = 3.357 x 10 watts.

=2 8 -11
The observed signal has a value of 2 x 10 mv + 2.14% x 10 mv/watt = 9.%4 x 10

watts., This implies that R has a value of 2.77 x 10'5.

R can be expressed as R = A+Q

-1
where A = 420 sec is the 4.3 um Einstein emission rate and Q 1is the

quenching rate. At 7 Torr Q has a value

16
Q= (3.26 x 10 7)(7) (k)
where k 1is the quenching rate constant.
From the above value of R, the quenching rate constant is
15

k = 6.6 x 10 “em sec.l

While these calculations are not highly accurate quantitatively, they do

indicate that if the observed radiation is truly fluorescence then the quenching

34




of these levels is not occurring nearly as rapidly as would be suggested with

; ~10 ;
a value of 1.3 x 10 for reactions 2(a).

If, for comparison, we assume that the radiation at 4.3 um is occurring
in the resonance band 001-000, then the value of No for the 4.3 pym bands is
8.91 % 105 and the corresponding ratio W(Nj)/Nj is ~ »105. With this valu
>f W(lo)/No, the resulting value of R is

R =~ 2.8 x 10~

With this value of R, and the same rate constant expression as given above,
the quenching rate constant becomes:

ki T80 % LO_lh

These estimates of k cannot be considered to be accurate because the
geometry is such that our simple calculation is not adequate. Furthermore,
the calculations assume that the rate of absorption in the 2.7 um bands is
uniform along the 1.8 um length of the fluorescence cell. Consider the 2.76 um
band for which the Ng value at 1.8 em path and 7 Torr is 79. For this value
of No, the bandwidth function WgNJ) has a value of €% which would decrease
the calculated signal by about 21%.

Thus in the case of the assumption of purely fluorescent bands the value

of k obtained should be reduced about 21% to yield

In the case of the assumption of purely resonance bands, the value of k
should be reduced even more since due to the large optical depth of the
resonance band only radiation originating very close to the exit window can

escape.

In this case it is really necessary to consider the excitation occurring
at a given point along the fluorescence cell and calculating the fraction of

4.3 um radiation emitted from that point which can reach the exit window of
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the cell. This requires an integration of the product of the volume emission

rate and the transmission.

The total No of 79 for the 2.76 um band results in a width function of
©3. If we consider the amount of absorption occurring in the last 10% of the
path length for a total No of 7l. + 7.9 the contribution to W(No) from the
first 90% of path is approximately 58 as compared with 5 for the last 10%.
Therefore, the amount of 2.7 um radiation being absorbed next to the exit
window per unit volume is occurring at a2 rate which is 5/7.9 or about 63%
less than the rate of absorption calculated for optically thin 2.7 um bands.

The optical depth of this last 1/10 of path length for the 4.3 bands if they

are assumed to be resonance bands is No = 8.91 x 10° for which W(No ~ f.QOXlOJ.

Therefore W(No){lo) ~ .325. The signal from this portion is down from the
purely non-optically thick case by

(o %)(.5;5)

.

The other 90% of molecules contribute

Is8) . [H(8.95 x 10° x ﬁ)\‘
i 79 \ (8.93 x 10° x .9) |

The transmission of this radiation through the remaining 10% of path length
is ~ +175. Combining these factors yields a loss of signal of the order of

.0%4 rather than .105, which suggests that
R chould be approximately 7.65 x 10

-14
which yields k = 2 % 10 : .

While more exact calculations should be carried cut, we have uncertainties

and variations from several different experiments of the order of 15 to 20% so

that until our experimental technique is refined, these approximate calculations

are sufficient for a qualitative assessment of our results.
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Experiments with the same

arrangement

in t

discussed the above experimen

have been treated in a similar manner and yield similar results.
In the case of pure CO, at 1.5 Torr , the treatment described above yields
= -11 L
an observed signa £ 6.0% watts and the following results.
~-13 z L
K~ T.k 0 “em’sec ~ if radiation
assumed to be fluorescence
o3 2
and k ~ 3.0 x 10 cm” sec if radiation assumed to be 001-000 resonanc
When the pressure was reduced to 280 Torr of pure CO., a signa f about
=33 ‘
. W bserved. In this case the values obtained for k were
rger, being
k ~ 10 if the signal is assumed to be fluorescence
anda
=) R G
ko~ Aol % 10 if it is assumed to be resonance.

At these low pressures in pure CO_,

+

1

quenching rate is probably due

1is.

the wa Certainly the results at 280

quenching by wall collisions.

the walls 1

ar

should not be an important

While our experiments at this stage

conclusions, we can make some qualitativ

sbserved radiation at 4.3 um is predomin

we obtain values of the quenching rate c

This is not an unreasonable value, since

quenching

This interpretation does not agree with

&4

which suggests that mo f the radiati

that m

f the

(2) cann

In order radiati

rate ¢ f reactl

At pressures above a few mm Hg, diffusion

f the 001 level have been reported t

be of this order of magnitude.
ur experiments using CO, as a filter
n is in the bands 021-C and 1-100.
be in bands 101-100 and C~1- , the
as large a e > S 1§ . The fact

the apparent increase in the

11is

f excited molecules in i

CC

Ao
aue

T
n=

o
D) 63

micr Hg are unreliable

mechanism.

do not permit us to draw quantitative
that
d,

1C

n

e statements. If we assume the

3 AN then

‘L"

the 001-000
f

ately due t

onstant of the order

~ate the

accepted




-

that the transmission experiments suggest that very little of the radiation

bserved is in the band 001-000 and the fact that the intensity measurements,

n the assumption of fluorescent bands being the major contributor

JOX

- =15 |
r of 5 x 10 " both tend to

Support the interpretation of the 4.3 um radiation as arising from fluorescent
bands.
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VII.

SUMMARY AND DISCUSSION OF RESULTS
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These numbers are considerably higher than the values shown in the table.

Since the excitation is essentially uniform along the fluorescence cell, the
actual transmission should be smaller than these figures suggest. The fact
that our observed transmission is still greater than these upper limits
suggests that much of the observed signal can still be regarded as fluorescence
rather than resonance radiation. A calculation for all the bands of Table IIT

in which we calculate the ratio

Z (Noy) T (No, + No,)
20 (I\bl) 7 (NO'L)

and use this result in table III rather than just the filter cell transmission
shows that an upper limit to the transmission as calculated using all of the
bands in table III is approximately 20% rather than the calculated 5% shown

below table III.

While our results may be misleading as shown in tables I, II, and III, we still
feel that there is evidence for an appreciable contribution from the fluorescent
bands rather than the resonance bands. At the present stage of these experiments
it is probably premature to make any definite statements regarding the com-
position of the observed 4.5 um radiation. ntil such time as detailed
radiative transport calculations are carried out under a variety of carefully
selected experimental arrangements, we cannot arrive at definitive values for

the composition of the 4.3 um radiation.

Our estimates of the amount of quenching taking place cannot be considered
reliable until such a detailed radiativeé transport calculation is carried out.

It is probably preferable to determine quenching rates from detailed measurements
f the pressure dependence of the emission rather thnan from absolute

intensity measurements, Such measurements are far from simple, however, in that

10

40




changing the pressures of CO. and/or added gases not nly changes the quenching

¢

ates, but also changes the line shapes and therefore affects the calculation

L ]

f the radiative transport functions required in reducing the data. Utilizing

carefully selected experimental conditions should leaa to a complete under-
standing of the mechanisms determining the composition and intensity of the

fluoresence.

We expect to examine the possibility that laser excitation might lead t
results which differ from those obtained utilizing a continuous source. Since
rotational redistribution is expected to take place rapidly at very low
pressures, it seems unlikely that the two excitation methods would require

different treatments. We are considering the use of a 10.6 um laser to excite

M

asurementes of

tae 001 level and then examine the resultant 4.3 um emission.
the transmission characteristics of this radiation under a variety of conditions

may aid in understending the high transmissions cbserved in our experiments.

In the event that our results can only be explained on the basis of

value of k for reaction (2) whiech is orders of magnitude ller than

-10 : . : . g
L5 & 10 , then it will be necessary to find an alternative explanation for

the laser studies which produced this result. Until such time as we have com-
pletely explained our results, it is probably not advisable to seek an

alternative explanation.

It 1s clear that a detailed understanding of this laboratory experiment
will involve a theoretical treatment which will be applicable to several
important applications involving the transport of radiation in the atmosphere.
The laboratory studies will provide a method for vcrif&ing such thecoretical
treatments of atmospheric radiative transfer problems and ultimately increase

the credibility of the theory.
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